D
ioxygen binding to metal ion centers such as copper and iron is of great importance and interest, for fundamental and practical reasons. In nature, copper and iron proteins serve to process O 2 in a variety of functions, such as in transport of dioxygen in blood, mono-or dioxygenation involving oxygen atom incorporation, and substrate oxidation (dehydrogenation or removal of electrons) with concomitant reduction of O 2 to hydrogen peroxide or water. Cytochrome c oxidases mediate the four-electron four-proton reduction of O 2 to water, coupling this exergonic reaction to membrane proton translocation, which drives ATP synthesis (1, 2) . Protein x-ray structures reveal that O 2 binding and reduction occur at a binuclear active site consisting of a high-spin heme group (with proximal histidine), with a tris-histidine-ligated copper ion (Cu B ) situated on the distal side (see Fig. 1 ) (3) (4) (5) (6) . Spectroscopic-mechanistic investigations suggest that after a possible initial O 2 interaction with Cu B , a myoglobin-like Fe-O 2 adduct forms (best described as a Fe intermediate has not been ruled out. The tyrosine-crossed-linked Cu B site ( Fig. 1 ) is thought to be critical in electron transfer (from Cu I and the phenol group) leading to reductive O-O cleavage and proton-translocation chemistry (11) (12) (13) .
Our research program is focused on elucidating the fundamental aspects of O 2 interactions with heme and copper centers. -peroxo-dicopper(II) species, which can be in equilibrium with bis--oxo-dicopper(III) isomers (21, 23, 24) .
Thus, with the known tridentate chelation for Cu B in cytochrome c oxidases, we are intensifying efforts to study such situations in model systems, to see whether O 2 
presence of a nitrile strongly inhibits (2) was followed by low-temperature NMR spectroscopy. To unambiguously identify pyrrole resonances, which aid iron oxidation and spin-state assignments (27) , complementary 2 H NMR spectroscopic investi-**A minor 2͞O2 reaction is observed in CH2Cl2͞6% EtCN, but it does not affect the 1͞2͞O2 kinetics described in this report. ) S ϭ 2 systems, as previously described (14, 15, 17, 28) .
4) at 413 nm results in RR spectra dominated by strong porphyrin skeletal modes and weak iron-ligand vibrations (29, 30) . Porphyrin skeletal modes in the high-frequency region of the RR spectra are consistent with a five-coordinate high-spin ferric heme species as previously observed in [(F 8 O peroxo species in Fig. 4 , but their presence becomes apparent in difference spectra (see Fig.  8 , which is published as supporting information on the PNAS web site). In trace B (Fig. 4 trace B) , the relative intensity of the isotope-sensitive band at 767 cm Ϫ1 corresponds to 25% of that observed in a sample formed with pure 16 O 2 gas (Fig. 4 trace  A) . Similarly, the intensity of the 707-cm Ϫ1 band obtained from the scrambled gas samples represents 25% of the intensity observed with the pure 18 O 2 gas (Fig. 4 trace C 
and strongly suggest a heme-peroxo-copper complex that adopts two closely related isomer forms. These are not distinguishable by UV-Vis or NMR spectroscopy.
From the work of Collman, Naruta, and ourselves, there are now several examples of heme-peroxo-copper complexes that are characterized by RR spectroscopy ( (Fig. 5A ). This then decays over 2-3 s to more complex spectra with broad maxima at Ϸ540 nm and Ϸ565 nm, which we ascribe to the -peroxo species [( Ϫ ) (3) ( max ϭ 541 nm) occurs and its formation is complete within Ϸ0.5 s (Fig. 5B Inset) . This species is quite stable at low temperatures. RR characterization of 3 formed in THF unambiguously confirms this to be a low-spin six-coordinate superoxo species, with (O-O) ϭ 1178 cm
] (see Fig. 9 , which is published as supporting information on the PNAS PTPA, tris(2-picolylamine)-or P5-MeTPA, tris(2-(5methyl)pyridylmethyl)aminelinked tetraphenylporphyrinate; P TACN, triazacyclononane-capped tetraarylporphyrin. Table 2 . They allow us to compare formation of (F 8 )Fe III -(O 2 Ϫ ) (3) in the presence or absence of copper. In fact, the results show that copper complex 2 has essentially no effect on the formation of 3 as seen from the rate constants and activation parameters obtained ( Table 2) .
The kinetics of formation of (F 8 )Fe
II
(1) in the various solvents used indicate a high degree of similarity, but there are certain differences in detail. Below 200 K, the formation of
EtCN is faster compared with the same reaction in CH 2 Cl 2 ͞6% EtCN, primarily because of an effect of activation enthalpy (Table 2 ). Because in CH 2 Cl 2 ͞6% EtCN, EtCN binds to 1 as an axial base ligand (low-spin six-coordinate; see above), the enhanced rate of O 2 reaction with 1 in THF͞6% EtCN therefore must be due to an effect of THF. Factors such as THF versus EtCN binding strengths, lability, electron-donating ability, and iron(II) spin state need to be considered. We note that in CH 2 (Fig. 5A) , the half-life for decay of 3 to form 4 at 168 K is t 1/2 ϭ 0. (Fig. 6 ). Both pyridyl groups on the copper ligand are placed ''above'' and between the four difluorophenyl meso-substituents of the heme (Fig. 6) .
The most significant structural feature of [( Fig. 3C ) exhibits an upfield and downfield pattern of signals similar to the -peroxo species 4 (Fig. 3B). [A fully assigned room-temperature spectrum of 5 ( Fig. 10 ) and a Curie plot (␦ vs. 1͞T; Fig. 11 ) are published as supporting information on the PNAS web site.] Thus, 5 is also an S ϭ 2 spin system, supported by solution Evans method magnetic moment determination ( eff ϭ 4.9 Ϯ 0.2 B at room temperature). Strong magnetic coupling is a general feature of -oxo dimetal complexes, over a wide range of M-O-MЈ angles (48) . core, in contrast to near-linear analogs that possess tetradentate copper chelates. This study adds significantly to ongoing investigations focused on how heme-copper centers react with dioxygen, with particular consideration of the important influence of the denticity (tetra-vs. tridentate) of the copper ligand. OEP, dianion of octaethylporphyrin; trenЈ, tris[(N,N-dimethylamino)-ethyl]amine. *X-ray absorption spectroscopic data.
